Use of Microtox for screening sediment or soil samples from contaminated systems either alone or in combination with a battery of other tests is supported by an ever-increasing number of comparative studies demonstrating its utility, sensitivity, rapidity and affordability. Organic solvent extracts and direct solidphase material provide an assessment of the potential toxicity exerted by both dissolved and bound contaminants. In contrast, tests utilizing pore water or elutriates may be limited to assessing the contribution of dissolved contaminants only. Each approach is limited in the scope of its applications. The apparent toxicity of elutriates can be a function of extraction solvent and overall procedure. The apparent toxicity of solid-phase samples is influenced by sample color and composition -more specifically, the ratio of clay to silt. However, in general, the results obtained through in laboratory testing with the Microtox test system are often consistent with the results of both sediment invertebrate in laboratory toxicity tests and macroinvertebrate field surveys. There is also evidence that toxicity assessments obtained with the Microtox test system are related to analytically derived concentrations of certain classes of contaminants.
Introduction
Tests assessing the toxic effects of contaminants present in soils and sediments simultaneously account for synergistic, additive, and antagonistic effects among all chemicals present in a sample and their ultimate bioavailability. The ideal characteristics for sediment toxicity bioassays and test organisms include, but are not necessarily limited to, 1) ease of culture and maintenance, 2) predictable and consistent response of control organisms, 3) similar sensitivity of a single species to a broad range of toxicants, 4) laboratory test results that are ecologically relevant and correlatable with observed adverse effects in the field, 5) test results that are related to sediment or water quality standards and criteria, 6) tests that are applicable to a wide variety of sediment types and environments, 7) tests that are rapid, replicable, inexpensive, and easily implemented to facilitate rapid surveys, 8) tests that are standardizable, and 9) tests that are sensitive enough to identify low toxicity areas yet discriminatory enough to rank relative toxicity of many samples (Giesy and Hoke 1989) .
A broader review addressing the origins and evolution of assessing the toxicity of sediments was prepared by Burton (1991) .
While it may be difficult to satisfy each of these points through a single organism or test, certain sites and applications may not require a test that meets all of the above criteria or the need can be satisfied through a battery of tests that in combination satisfies as many of these points as needed to complete a survey. The battery of tests approach has been consistently promoted by numerous varied teams of investigators for more than a decade (e.g., see Miller et al. 1985 ; Thomas et al. 1986; Ginn and Pastorok 1992; Kross and Cherryholmes 1993; Santiago et al. 1993; Lambolez et al. 1994; Robidoux et al. 1998; Bombardier and Bermingham 1999 , among many others).
One organism/assay that has been increasingly included in sediment/ soil monitoring studies since the mid-1980s is the luminescent marine bacterium Vibrio fischeri (previously referred to as Photobacterium phosphoreum), as used in the Microtox Test System. Conclusions reached in studies with V. fischeri often support its inclusion in test batteries based on a variety of factors, including sensitivity, association/correlation with analytical data, and cost/test. Since the publication of the first study using Microtox for the assessment of sediment contamination (Plotkin and Ram 1984) , there has been a steady increase in peer-reviewed publications, at least through the mid-1990s, authored by researchers throughout North America, Europe and China.
The following review summarizes studies in which the luminescent bacterium V. fischeri and the Microtox Test System were used in the assessment of soil or sediment toxicity, including all naturally or artificially generated aqueous media (porewater, groundwater, leachates and elutriates), organic solvent extracts, and solid-phase material. The review attempts to summarize comparisons among the various test media used in Microtox tests, the relationship between analytically derived contaminant concentrations and toxicity, and compare the sensitivity of Microtox to other species and standard toxicity tests for which data are available. The review is limited for the most part to primary peer-reviewed publications appearing in English, excluding symposia abstracts, technical reports, and academic theses and dissertations. The review excludes comparisons with fish, other luminescent bacteria (e.g., Pseudomonas fluorescens) or tests using teratogenic-or genotoxic-based endpoints.
Screening protocols are available to either determine if a sample is toxic or to establish an approximate toxic range using a single or limited number (<4) of treatments (whole sample dilutions). The majority of definitive Microtox protocols employ a 50% (or narrower) dilution series between numerous (8-13) replicated or unreplicated treatments. Definitive tests using sediment pore water, aqueous elutriates or solvent extracts typically employ the Microtox Basic Test (Microbics Corporation 1995a, b,c; ASTM 1996) .
Definitive tests are designed to generate a median effective concentration (EC 50 ). However, some investigators opt to determine an endpoint other than the EC 50 , depending on the objectives of their individual studies (e.g., EC 10 , see Giesy et al. (1988a, b) ; EC 20 , see True and Heyward 1990; Kross and Cherryholmes 1993; Carlson-Ekvall and Morrison 1995a,b) . The EC 50 is a hypothetical value that represents the concentration of sample that would produce a 50% reduction in luminescence in V. fischeri if it were exposed to that concentration of sample.
Two manufacturer-developed protocols are available for assessing the toxicity of solid-associated contaminants (Microbics Corporation 1995d; Azur Environmental 1995; Azur Environmental 1997) . Preparation of whole sediment (or soil) for testing in both protocols entails diluting 7 g solid material with 35 mL 2% sodium chloride (NaCl) solution in a 50-mL beaker and mixing on a magnetic stirrer for 10 min to create a 20% solids slurry. Samples for testing are obtained by transferring an aliquot of solids slurry to a test vial while the sample is stirring at a rate sufficient to create a vortex depth of about 50% of the liquid level at the wall of the beaker. A standard serial dilution series is then prepared from this aliquot of solids slurry. These procedures have also been modified by some researchers (Johnson 1998) .
The presence of solids in test vials prevents an absolute measure of toxicity due to a variable degree of interference by solids in measuring total luminescence. This interference can be at least partially negated by comparison of test sample EC 50 s with EC 50 s from reference samples containing non-toxic solids with approximately the same particle size, overall composition and color in order to obtain a relative measure of toxicity. However, in cases of significant contamination and toxicity, the concentration of solids in treatments bracketing the EC 50 may be so low as to be negligible with respect to interfering with measuring luminescence.
Sample Preparation Approaches
Assessment of the toxicity of soils and sediments with the Microtox Test System may be conducted with pore water, groundwater, aqueous elutriates and leachates, organic solvent extracts, or solid-phase samples. However, there are various limitations and advantages associated with the use of each of the three primary media (water, organic solvents, and sediments/soils) in tests. Pore water tests have been shown to be affected by the choice of osmotic adjusting medium. Deficiencies associated with organic solvent extraction approaches include selectivity and toxicity of solvents, selectivity of fractionation methods, and the need to distinguish between the toxicity of natural and anthropogenically derived materials. Limitations associated with testing solid-phase material in the Microtox Test System include interference from scattering of light due to turbidity, absorption of light due to color, and loss of bacteria from effects other than toxicity (Microbics Corporation 1995a,d) . Choice of a test medium is often dependent upon the objectives of a study or the partitioning characteristics of the contaminant(s) of interest at a particular site. A variety of studies illustrate these points.
Aqueous Samples
Some studies reported differences in toxicity of sediment pore water when different methods of osmotic adjustment were used during the conductance of Microtox tests. Ankley et al. (1989) assessed the toxicity of elutriates from dredge spoils and marine sediments from Mobile and Pascagoula bays with Microtox using either osmotically adjusted (to 20 g/L with NaCl) deionized water or seawater from the Gulf of Mexico. Test results were dependent upon the type of water used to prepare the elutriates and sample dilutions suggesting the need for consistency within a study. Hoke et al. (1992) reported that there was no toxicity exhibited by pore waters from 13 sediment samples collected from the Fox River watershed in Wisconsin when osmotic adjustment was achieved with NaCl. Toxicity was evident in the same pore waters with EC 50 s ranging from 52 to 63% when samples were osmotically adjusted with sucrose. The authors suggested that heavy metals contributed to the observed toxicity in sucrose adjusted samples. In contrast, Hoke et al. (1993) reported that sucrose-adjusted pore waters from the Grand Calumet River-Indiana Harbor, Indiana were generally equitoxic or less toxic than NaCl-adjusted pore waters. Although a few samples were as much as 2.4-fold more toxic in sucrose suggesting that ionic contaminants were not the primary causes of toxicity. Other studies conducted with aqueous samples have clearly demonstrated that heavy metal toxicity to V. fischeri is ameliorated by the presence of chlorides derived from NaCl in the osmotic adjusting solution that does not occur to the same extent when other osmotic adjusting media are used (Hinwood and McCormick 1987; Ankley et al. 1990a; Carlson-Ekvall and Morrison 1995a) .
Another issue related to pore water use in toxicity tests was highlighted in the study by . Pore water was obtained through two approaches using a combination of centrifugation and filtration procedures. Pore water was either obtained from unaltered reference and contaminated sediments and combined in various ratios to produce a dilution series or obtained directly from premixed reference and contaminated sediments. There was no difference in the response of Microtox to the manner in which pore water was collected and the dilution series prepared. However, toxicity of pore water to the Cladoceran Daphnia magna was a function of the preparation approach.
Other studies have reported that the use of pore waters or aqueous elutriates as the test medium may underestimate the toxic potential of a sample by excluding contaminants from testing that are relatively insoluble in water. Weissenfels et al. (1992) demonstrated that the toxicity of aqueous eluates of a PAH-contaminated soil was a function of the organic carbon content of the soil. These investigators added increasing amounts of activated carbon into predominantly sandy, PAH-contaminated soil previously shown to be toxic by Microtox. Toxicity of aqueous eluates declined linearly in relation to the concentration of activated carbon added to the soil. PAH-contaminated soil with a heterogenous composition from a second site was negligibly toxic to Microtox. The authors concluded that soil-immobilized PAHs cannot be released by rinsing with water and that toxicity of the original soil matrix should be determined as well as that of the eluates.
However, despite the conclusions of Weissenfels et al. (1992) , the objectives of a study may focus solely on the potential effects of water soluble contaminants as is often the case with landfill leachates or groundwater contamination. For example, Matthews and Bulich (1986) and Matthews and Hastings (1987) were only concerned with the potential impact of water-soluble fractions (WSFs) of land-applied solid wastes on groundwater resources. Both studies attempted to determine maximum acceptable initial loading rates for solid wastes containing creosote, pentachlorophenol and oily wastes from various sources within a refinery and paint industry wastes through Microtox toxicity tests with WSFs derived from each type of waste.
Similarly, Symons and Sims (1988) used the WSFs of a variety of petroleum refinery wastes in Microtox tests to assess the detoxification of those wastes in batch degradation and soil column studies using two soil types and three application rates. Analysis of wastes revealed the presence of a variety of heavy metals and volatile, base/neutral, and acid extractable organics. The authors concluded that there was a low leaching potential for the wastes included in the study as demonstrated by toxicity of aqueous soil extracts. Carlson-Ekvall and Morrison (1995b) were concerned with the bioavailability and toxicity of metals in sewage sludge applied to soil. They used aliquots from an aqueous sludge slurry to demonstrate an increase in the toxicity of copper in sewage sludge in the presence of organic substances identified as sludge components (e.g., fatty acids and detergents). A variety of other studies using aqueous landfill leachates and groundwaters are discussed elsewhere in this review (e.g., among others see Plotkin and Ram 1984; Calleja et al. 1986; Middaugh et al. 1991; Mueller et al. 1991; Kross and Cherry-Holmes 1993; Devare and Bahadir 1994) .
Organic Solvent Extracted Samples
Among the initial studies in this area, Schiewe et al. (1985) compared the toxicities of a series of extraction solvents to Microtox. They reported an approximate 28-fold difference in the range of 15-min EC 50 s (2.15-58.39 µL/mL) for the most toxic dichloromethane (DCM) to the least toxic dimethylsulfoxide (DMSO). Acetone, methanol and ethanol were approximately equitoxic and intermediate between the extremes of DCM and DMSO. Furthermore, they reported that exchanging DCM for lesser toxic solvents such as ethanol or DMSO did not ensure a reduction in solvent toxicity. Exchanging DCM for DMSO apparently produced a significantly highly toxic compound in contrast with a reduction in toxicity when DCM was exchanged with ethanol. The authors ultimately selected ethanol as their solvent vehicle of choice citing its direct exchange potential and relatively low toxicity.Among subsequent studies, Kwan and Dutka (1990) evaluated the sensitivity and specificity of DMSO and methanol for extracting toxic compounds from 16 sediment samples from the Thames River, Ontario. Sediment/solvent mixtures were shaken vigorously for 2 min then centrifuged at 10,000 rpm for 20 min. Supernatants were then subjected to Microtox testing. DMSO extracted toxicants from nine of 16 samples while methanol extracted toxicants from 12 of the 16 samples. Campbell et al. (1992) chose to focus on the extraction procedure as well as the solvents involved. They compared the efficiency of two extraction procedures and two solvents by subjecting solvent extracts from 10 sediments to Microtox testing. DCM was used as the primary solvent. Extracted sediment was either sonicated for 5 min or shaken for 24 hours. Concentrated primary solvent extract was added to the exchange solvent, DMSO or methanol, prior to Microtox testing. The authors reported that extracts obtained through the shaking procedure were significantly more toxic than extracts obtained through sonication in eight of the 10 samples tested. In contrast, they reported that there was little difference in toxicity of samples extracted with either methanol or DMSO. The authors concluded that sediments required prolonged contact with solvents in order to effect consistent, reproducible extractions.
In two other studies, Jacobs et al. (1992) reported that the extraction solvent acetonitrile was approximately twice as toxic as DMSO while Ho and Quinn (1993) reported that acetone extracted more toxicity from marine sediments than either acetonitrile or methanol using either silica gel column chromatography (SGCC) or acid-base (AB) fractionation methods. Ho and Quinn (1993) noted that they found the AB method more time consuming and the results less useful than the SGCC fractionation method. Johnson and Long (1998) discovered that carrier solvent influenced phenol toxicity in the Microtox test. DCM caused an increase in toxicity; ethanol and acetone tended to decrease toxicity of phenol. Hexane, isooctane, methanol and DMSO had no significant effect on the toxicity of phenol.
Other studies in this area addressed the extraction and toxicity of sulfur in sediments. Jacobs et al. (1992) reported that coextracted sulfur (Microtox EC 50 of 24.7 to 35.8 µg/L for elemental sulfur) provided for a significant source of toxicity that could be reduced through the addition of copper powder during cleanup activities. In a toxicity identification evaluation study of sediments from an area impacted with effluent from a pulp and paper mill, Svenson et al. (1998) determined that toxicity to Microtox in toxic C-18 fractions of organic solvent (methanol) extracts might be fully attributable to octameric cyclic sulfur (S 8 ). Their measured toxicity of elemental sulfur to was consistent with that generated by Jacobs et al. (1992) .
Most recently, Pardos et al. (1999) presented data similar to that of Jacobs et al. (1992) . They reported that elemental sulfur present in organic extracts of freshwater sediments was toxic to V. fischeri and that treatment of the extracts with acid-activated copper resulted in a significant reduction, but not elimination, in observed toxicity. Pardos et al. (1999) concluded that the Microtox methodology needed to be amended to better account for the impact of organic pollutants in sediments when samples were extracted with organic solvents. Dombroski et al. (1991) had earlier concluded that the extraction procedures themselves needed to be standardized. They reviewed published methods used to prepare elutriates and extracts of solid or semi-solid samples for Microtox toxicity analysis and prepared a list of recommendations. The recommendations focused primarily on the need for development of standardized procedures applicable to compounds of current interest that minimized sample handling and manipulation and optimized solvent systems while establishing standards for mixing times and separation/collection procedures.
Solid-Phase Samples
As previously mentioned, distinction between physical interferences and toxic effects is achieved through the use of a reference sediment sample that approximates the appearance and composition of the test sample while exhibiting a significantly lower level of toxicity. Similar particle sizes between test and reference samples is an issue due to the larger relative surface area of smaller particles in comparison with larger particles, thereby providing a greater number of attachment sites for toxic molecules. Composition differences can also lead to different binding characteristics. And as with aqueous samples, length of storage time between collection and testing of sediments or soils can influence the results of toxicity tests.
For example, Benton et al. (1995) demonstrated that the apparent toxicity of a solid-phase sample is a function of a sample's composition. They reported that the apparent toxicity of a clean sediment sample increased from two-to greater than three-fold as either the percent silt or clay composition of sand sediments increased from zero to 50%. They also reported that there was no apparent toxicity when the clean sample was 100% sand. Their results prompted them to suggest that suitable applications for solid-phase protocols would include single-toxicant assays with formulated sediments of known particle-size distribution and comparisons of repeated samples taken from the same site over time.
Subsequently, Ringwood et al. (1997) demonstrated a positive relationship between the adsorption of bacteria to clay and the percentage of clay in a sediment sample. They monitored the bacterial concentration in the liquid phase of samples and their associated EC 50 s with increasing per-centages of clay. They reported that both parameters (bacterial concentrations and EC 50 s) declined as the clay composition of a sample increased. They concluded that the lower EC 50 values were a result of decreased outputs of light due to a loss of bacteria rather than to true toxic effects.
With respect to sample holding time, Becker and Ginn (1995) recommended a maximum storage time of 2 weeks for sediments prior to testing. They reported that the response of Microtox declined dramatically and varied unpredictably when sediments were held for up to 14 weeks prior to testing. In contrast, Cook and Wells (1996) reported that toxicity of Halifax Harbour sediments was not affected by storage at 3 to 7°C for up to 10 weeks. With respect to testing of porewaters, Kemble et al. (1994) reported that the toxicity of porewater was dramatically reduced by storage for 5 to 7 days as compared with one day. They suspected that the reduction in toxicity may have been related to a flocculation of material (possibly metals with Fe and Mn oxyhydroxides) that occurred during the first 24 hours of testing. The authors recommended that tests be conducted immediately after isolating pore-water samples.
Review of Other Biochemical, Bacterial and Algal Assay Protocols
Microtox has been compared to a variety of other commercial and traditional individual biochemical and whole organism assays using organisms ranging from algae and other bacteria to fish as well as community level indicators of contamination. Commercial tests with other bacteria included MetPAD TM , ECHA Biocide Monitor, Sediment Chromotest, Toxi-Chromotest, Direct Solid Phase Toxicity Testing Procedure, and Sediment Chromopad. Biochemical assays typically involved either toxicant effects on enzyme activities or adenosine triphosphate (ATP) levels.
MetPAD TM is a bioassay procedure utilizing a mutant strain of Escherichia coli for the specific determination of contamination by heavy metals through inhibition of enzymatic (β-galactosidase) activity (Bitton et al. 1992a ). Freeze-dried bacteria are rehydrated and added to sample elutriate then incubated for 90 min at 35°C. An aliquot of the solution containing bacteria and sample are transferred to an assay pad and incubated for 30 min at 35°C for color (purple) development. A reduction in color intensity relative to control pads is indicative of heavy metal toxicity.
The ECHA biocide monitor is a bacterially based (Bacillus spp.) assay originally designed to test the effectiveness of biocides (Dutka and Gorrie 1989; Day et al. 1995 ). An absorbent pad is impregnated with bacteria and an indicator dye (tetrazolium) to detect the presence of microbial growth. The pad is either dipped in an aqueous test sample for 10 seconds or immersed in wet sediment (under mild pressure) for one minute. The pad is then incubated at 37°C for 18 hours. Results are interpreted by comparison with a manufacturer-provided color card. Colored reactions range from white or no color development (very toxic) to red (not toxic).
The sediment ChromoTest, Toxi-Chromotest, Direct Solid Phase Toxicity Testing procedure, and sediment Chromopad assays all appear to be based on the same generalized principles and procedures using E. coli Dutka 1992a,b, 1995; Kwan 1993a, b) . The assays are based on the inhibition of the synthesis of the enzyme, βgalactosidase, in a mutant strain of E. coli as similarly described above for MetPAD TM . In one procedure, bacteria are mixed with 0.5g sediment and incubated at 37°C for 120 min. After the incubation period has been completed, a chromogenic substrate is added followed by an additional incubation period of 30 min at 37°C. Toxicity is a function of the development of color (yellow or blue depending on the substrate used) in the treated culture.
Several biochemical assays were also among the studies whose results were compared with Microtox. Rönnpagel et al. (1995) used dehydrogenase enzyme activity of Bacillus cereus as a test endpoint. Bacteria were incubated with a soil slurry for 2 hours at 25°C and shaken at 70 rpm. Resazurin was added as an oxireduction dye indicator for dehydrogenase activity. Campbell et al. (1993) conducted an assay with Bacillus licheniformis using inhibition of α-glucosidase biosynthesis as the test endpoint. The assay involves measuring the hydrolysis of a chromogen to a yellow colored product in a procedure similar to that described above for E. coli. Xu and Dutka (1987a) presented a procedure describing the ATP-TOX system using a variety of bacterial strains such as E. coli, Pseudomonas fluorescens or Salmonella typhimurium.
An apparently common bacterial whole-organism assay involves the large aquatic bacterium Spirillum volutans. This assay uses motility patterns as the test endpoint. Relative toxicity is measured as MEC 90 which is the minimum effective concentration that causes loss of reverse or forward motility in greater than 90% of exposed cells (Coleman and Qureshi 1985) .
Tests with algal populations were limited to studies with two species of green algae, Scenedesmus subspicatus and Selenastrum capricornutum, employing a variety of test endpoints to detect the presence of toxic contaminants in sediments and soils. Test endpoints included growth inhibition, reductions in photosynthesis using 14 C-labeled sodium bicarbonate and reductions in ATP levels. A description of the methodologies employed in each study is beyond the scope of this review.
Microtox Test Media Comparisons
While the previously reviewed studies focused on intratest variables, other studies addressed intertest sensitivities by comparing the results of Microtox tests conducted with pore water, aqueous elutriates, organic solvent extracts and whole sediments in their assessments of contaminated sediments with Microtox. Taken in combination, these studies demonstrate that conclusions drawn from the results of Microtox solid-phase tests parallel those obtained using organic solvent extracts of contaminated sediments and soils. In comparison with aqueous extracts, including leachates, pore waters and groundwater, organic solvent extracts and solid-phase tests typically identified greater levels of toxicity or broader areas of contamination.
Aqueous Elutriates versus Organic Extracts
Among those studies in which both aqueous and organic solvents extracts of sediments or soils were tested with Microtox, a greater percentage of samples from each site within a study were identified as toxic when extracted with an organic solvent ( Fig. 1 ). For example, Kwan and Dutka (1990) evaluated the sensitivity and specificity of DMSO and methanol for extracting toxic compounds from 16 sediments from the Thames River, Ontario, in comparison with Milli-Q water. The authors reported that Milli-Q water was a simple, inexpensive and effective means of extracting toxicants. However, methanol extracted toxicants from more samples than Milli-Q water.
In a similar study, True and Heyward (1990) compared the toxicities of interstitial (pore) water and solvent extracts of sediments collected from 23 common stations in Elliot Bay (Seattle, Wash.) to Microtox. The authors reported that solvent extracts of sediments were much more toxic than interstitial water extracts. All of the solvent extracted samples were toxic in comparison with 48% of the water extracts ( Fig. 1) . The authors attributed the differences in toxicity based on extraction procedure to the insolubility of many contaminants in marine water. Pastorok and Becker (1990) assessed the toxicity of contaminated sediments from three Superfund sites in Puget Sound (Eagle Harbor, Elliott Bay, and Commencement Bay), conducting Microtox tests with both aqueous saline and organic solvent (methylene chloride exchanged with ethanol) extracts. The authors reported that the Microtox test using an organic solvent extract exhibited significant reductions in luminescence to all 12 contaminated sample treatments in comparison to reference treatments. Microtox tests using aqueous saline extract were less sensitive with significant responses to seven of the sample treatments ( Fig. 1) . Demuth et al. (1993) assessed the toxicity of both saline and organic solvent extracts of sediment samples from two locations (Boston Harbor, Massachusetts and Hudson River-Raritan Bay Estuary, New York) contaminated with PAHs, chlorinated hydrocarbons, and trace metals to Microtox. They reported that samples from all 33 sites from both locations were toxic when extracted with methylene chloride, sodium sulfate and activated copper before transfer to ethanol. In contrast, only saline-extracted sediment from 7 of the 33 sites were toxic and to a lesser degree than organic-extracted samples (Fig. 1 ). These investigators also reported that organic extracts of previously saline-extracted samples were toxic but less so than those not previously extracted. Santiago et al. (1993) assessed the toxicity of aqueous elutriates and organic solvent (DCM, DMSO and ethanol) extracts of suspended solids from Lake Geneva and the Rhone River (Switzerland-France) to Microtox. Little to no response was obtained for tests conducted with aqueous elutriates for samples from all sites. Organic extracts were approximately 50to 2000-fold more toxic than their elutriate counterparts ( Fig. 1 ). Harkey and Young (2000) compared the toxicity of saline extracts of five PAH-contaminated soil samples from a manufactured gas plant with three individual fractions from soils subjected to supercritical fluid extraction (SFE). SFE fractions A and B of all samples were either toxic in comparison with non-toxic saline-extracted samples or significantly more toxic than saline-extracted samples. Components of SFE fraction A were the first to be extracted and recovered, representing the more volatile PAHs, whereas lesser volatile PAHs were recovered in the second fraction, fraction B. SFE fraction C of three samples, representing a final trap rinse, were more toxic than saline-extracted samples with no increase in toxicity for the last two samples.
Aqueous Elutriate versus Solid-Phase Sample
Despite the limitations described above for solid-phase tests, tests utilizing solid-phase material are more sensitive than aqueous tests because bacteria come into direct contact with higher levels of contaminants associated with solids than is possible with pore water or elutriates. Brouwer et al. (1990) utilized a solid-phase protocol to map the extent of contamination in Hamilton Harbour, Lake Ontario. They reported that when clean sediments were spiked with PCB-194, the apparent toxicity of the spiked sample was greater when using a solid-phase protocol in contrast to an elutriate bioassay. No such distinction was evident, however, when clean sediment was spiked with zinc chloride. They concluded that the test is strongest when used for delineating relative toxicity among samples from a site or to screen for severely toxic samples. Similarly, Rönnpagel et al. (1995) conducted Microtox tests with both the solid-phase and aqueous extract of a benzalkonium chloride-spiked soil. Microtox luminescence levels were reduced by ~90% in the solid-phase test in contrast to <10% inhibition in aqueous extract tests of the same sample at a benzalkonium chloride concentration of 1 g/kg. Cook and Wells (1996) assessed the toxicity of interstitial pore water and sediment samples from eight stations in Halifax Harbour, Nova Scotia. Pore water was generally not toxic, with only mildly toxic results from a few stations. In contrast, solid-phase toxicity was a function of sampling depth, station and collection date. For example, subsurface sediment (2 to 4 cm deep) mean 5-min EC 50 s were six-to seven-fold lower than for surface sediments (0 to 2 cm depth). Martinique Beach and Bedford Basin sample EC 50 s were non-toxic with EC 50 s >5 gL in contrast with toxic sites such as Saint John Harbor and Halifax Harbour subsurface sediments with mean EC 50 s <1 g/L. The authors concluded that while the solid-phase test was reliable and could discriminate among varying levels of contamination as expressed by toxicity, it lacked precision with coefficients of variation for repeated tests with single samples ranging from 30 to 135%. The lack of toxicity of pore water samples precluded a similar assessment of variability. Tay et al. (1991 Tay et al. ( , 1992 assessed the toxicity of sediment samples from seven sites in Halifax Harbour, Nova Scotia, contaminated with heavy metals, volatile matter, and PAHs in Microtox tests with pore water, organic solvent extracts and whole sediment. Pore water was obtained through low speed centrifugation. Organic extraction procedure used methylene chloride and sodium sulfate with ethanol as the final carrier. These investigators reported that results from the solvent extract and solid-phase tests were highly correlated with each other (r = 0.97 and 0.99) and more sensitive than results with pore water.
Aqueous Elutriate versus Organic Extract versus Solid-Phase Sample
Bombardier and Bermingham (1999) included Microtox tests on pore water, organic solvent extracts and wet sediment of 42 samples from six sites in the Gulf of St. Lawrence in a study to develop an index to assess and rank toxic hazards in sediments. Pore water was filtered through a 0.45 µm membrane prior to testing. Extracts of whole sediment were obtained by drying with anhydrous sodium sulfate before addition of methylene chloride. Extracts were transferred to DMSO for testing with Microtox. Pore water tests revealed toxicity in 21 of 49 tests with 15-min EC 50 s ranging from 1.0 to ~44%. Organic solvent extract tests revealed toxicity in 34 of 36 samples tested, many of which were non-toxic in pore water tests, with 15-min EC 50 s ranging from 0.003 to 6.5 µL/mL. Solid-phase tests with wet sediment resulted in all samples registering at some level as toxic with 20-min EC 50 s ranging from ~1,300 to 35,000 mg/L. The authors did not comment directly on these specific comparative results; however they did conclude that individual types of tests were inadequate to assess sediment contamination problems and studies should include a wide variety of organisms, trophic levels, and exposure phases. Harkey and Young (2000) assessed the solid-phase toxicity of five PAH-contaminated soil samples from a manufactured gas plant from soils prior to and after subjecting the samples to supercritical fluid extraction (SFE) in conjunction with tests on saline-extracted material discussed above. Two solid-phase samples experienced significant reductions in toxicity (40-and 19-fold) due to SFE treatment. The remaining three samples experienced much more modest (not statistically significant) reductions in toxicity (<3-fold).
Comparison of Toxicity in Microtox with Analytically Derived Contaminant Concentrations
Studies assessing the relationship between toxicity as expressed through Microtox and analytically derived contaminant concentrations adopted a variety of formal quantitative and informal qualitative approaches towards data analysis. Quantitative (statistical) approaches revealed significant associations or correlations between toxicity and categorical contaminant concentrations such as aromatic hydrocarbons, chlorinated hydrocarbons and naphthalenes (Schiewe et al. 1985) , total PAHs (Jacobs et al. 1993) , and total PCBs (Santiago et al. 1993 ). Significant associations and correlations were also identified with individual contaminants such as benzo[a]pyrene (Demuth et al. 1993) , copper (True and Heyward 1990) , lead (Santiago et al. 1993) , oil and grease (True and Heyward 1990) , phenanthrene (Demuth et al. 1993) , and trichlorobenzene (Santiago et al. 1993 ). However, researchers often noted that despite significant relationships between toxicity and contaminant concentrations, toxicity could not be wholly attributed to the measured contaminants. In some instances, multi-step regression analyses were required to fully profile the contaminants responsible for toxicity while in other instances either negative relationships were obtained or no significant relationships could be identified. In some studies, significance between toxicity and contaminant concentration was dependent on the extraction approach (aqueous or organic solvent) or sediment composition. For instance, in the study by Schiewe et al. (1985) , toxicity of extracts from 18 sediment samples collected from a variety of sites in Puget Sound, Washington, to Microtox were compared with sums of the measured concentrations of aromatic hydrocarbons, chlorinated hydrocarbons and naphthalenes. Despite significant associations between toxicity and the sums of these chemical groups and the lack of appreciable levels of heavy metals, the authors could not attribute observed toxicity levels to hydrocarbons only. They did, however, support the use of Microtox for comparing and ranking sediments. True and Heyward (1990) compared the percent sand/silt/clay composition and concentrations of a variety of contaminants in extracts of sediments collected from a series of stations in Elliot Bay (Seattle, Wash.,) to the toxicities of those extracts to Microtox. They reported a positive correlation between the 30-min EC 20 of interstitial water extracts and oil and grease and copper concentrations. In contrast, the authors reported a negative correlation among these parameters when tests and analyses were performed on solvent extracts as opposed to water extracts. They also reported there were no significant correlations between PAHs and solvent extract toxicity, but toxicity was related to sediment composition. Samples composed of a higher percentage of smaller particles had a relatively higher concentration of contaminants that were less toxic when testing used water extracts. Samples characterized by larger particles had lower concentrations of contaminants that were more toxic. The reverse seemed to apply when tests were conducted on organic solvent extracts. The authors concluded that both interstitial water and solvent-extracted sediments needed to be tested with Microtox if both water soluble and lipophilic organic compounds were to be identified.
In an assessment of the toxicity of contaminated sediment samples from seven sites in Halifax Harbour, Nova Scotia, Tay et al. (1991 Tay et al. ( , 1992 reported a negative association between sediment cadmium concentrations and a significant negative correlation between sediment PAH and pore water toxicity. There was no toxicity in sediments containing <9.2 mg/kg PAHs in Microtox tests with pore water. In contrast, both the solvent extract and solid-phase Microtox tests produced toxic results with sediments containing >0.51 mg/kg total PAHs. Demuth et al. (1993) compared the toxicity of both saline and organic solvent extracted contaminated sediment with analytically derived concentrations of PAHs, chlorinated hydrocarbons and trace metals. Their analysis revealed significant correlations between phenanthrene equivalents and toxicity and between benzo[a]pyrene equivalents and toxicity. The relationships were stronger for comparisons between organic-extracted samples than saline-extracted samples. Hoke et al. (1993) reported correlation coefficients ranging from 0.64 to 0.81 between toxicity in NaCl-adjusted pore water and the concentrations of various chlorophenols, cresol, PCBs, benzenes and benzo[k]fluoranthene. However, the investigators questioned the validity of the results since they expected negative coefficients to reflect increasing toxicity (expressed by declining EC 50 s) versus increasing contaminant concentrations. Jacobs et al. (1993) compared the toxicity of organic solvent (acetonitrile) extracts of 105 sediment samples collected throughout Florida with analytically determined semi-volatile organic priority pollutant (SVOPP) concentrations. Analysis of sediment extracts revealed the presence of 31 individual SVOPPs in 84 samples, the majority of which (85%) were one of the 16 priority pollutant PAHs. Statistical analyses revealed that toxicity and concentration of total PAHs were significantly associated. Ten individual PAHs were statistically correlated with toxicity, including correlations between toxicity and two other contaminants, 4,4'-DDD and 4,4'-DDE. In contrast, however, the authors also reported that numerous sediment extracts lacked or barely had measurable levels of SVOPPs, yet exhibited considerable toxicity. These authors concluded that PAHs alone could not explain the observed toxicity among all samples, that toxicity in samples not containing PAHs was most likely due to unidentified and possibly unregulated pollutants, and that chemical analyses of SVOPPs alone cannot be considered reliable indicators of sediment toxicity. Kross and Cherryholmes (1993) compared TOC, total organic halides (TOX), sulfates, ammonia, nitrate, pH and specific conductance of leachates from 93 wells in 19 landfills with Microtox toxicity data. Correlation coefficients between toxicity and each of the measured parameters ranged from -0.44 to 0.24. Additional analyses for heavy metals on archived samples from 23 wells and stepwise multiple regression analyses revealed that inclusion of three variables in the model produced a model R 2 of 0.84 (zinc, parameter and model R 2 = 0.49; barium, parameter R 2 = 0.24 with a model R 2 = 0.73; pH, parameter R 2 = 0-.11 with a model R 2 = 0.84). Kross and Cherryholmes (1993) also reported correlations between Microtox and sulfates (r = -0.66), iron (r = 0.66), dichloroethane (r = 0.60), and dichloroethene (r = 0.59) as well as the total concentrations of chlorinated pesticides and volatiles (r = 0.58) in approximately 40 samples.
Stepwise regression analyses between Microtox and 28 organic compounds in 41 samples revealed that Microtox test results were explained by the concentrations of only four compounds (model R 2 = 0.98) with toluene as the primary source of toxicity (model R 2 = 0.92). Using a combination of organics, metals, and indicator parameters produced a model R 2 of 0.87 with five components (dichloroethane, chloromethane, pH, vinyl chloride, and ethylbenzene). These authors ultimately concluded that no single evaluation procedure can adequately define groundwater contamination, and that future monitoring requirements should include Microtox (specifically the 100% test), chemical screening tests (TOX and TOC) and indicator parameters (chloride, specific conductance and pH). Santiago et al. (1993) assessed the toxicity of organic solvent (DCM, DMSO and ethanol) extracts of suspended solids concentrated from the waters of Lake Geneva and the Rhone River (Switzerland-France) to Microtox in conjunction with analyses for heavy metals and organic contaminants. Microtox test results were strongly correlated with total PCBs, 1,3,5-trichlorobenzene and lead (Pearson correlation coefficients >0.69). Weaker correlations were noted between toxicity and the concentrations of zinc, copper, cadmium, benzoapyrene, phenanthrene and the sum of PAHs (Pearson correlation coefficients ranging from 0.35 to 0.56). Principal component analysis of these data demonstrated that toxicity in the Microtox test was primarily from organic pollutants with subsidiary effects from copper and lead.
The existence of these relationships prompted Gälli et al. (1994) to develop models predicting the toxicity of soil samples containing compounds for which Microtox results were available. Concentrations of chemicals in aqueous leachates of contaminated soils were analytically determined and used to predict toxicity based on developed equations. Predictions of EC 50 s for four contaminated samples were no more than 2.8-fold different from EC 50 s generated in toxicity tests. They concluded that Microtox could serve as a supplemental analytical tool to detect the presence of unidentified contaminants in soil. Simini et al. (1995) reported a correlation coefficient of 0.678 between Microtox EC 50 s of aqueous leachates from trinitrotoluene-contaminated soils and analytically derived contaminant concentrations. While this value was lower than correlations for any of the other species in their study, the authors speculated that metals present in the soil samples were contributing additional toxic effects not accounted for by a strict EC 50 comparison with TNT concentrations. Svenson et al. (1996) compared solid-phase toxicity test results with limnic and brackish water sediments to analytically derived levels of heavy metals, organic pesticides, PCBs, sulfur and H 2 S. Multivariate data analyses revealed that Cu, Zn, Pb, and Cd were positively correlated with toxicity as well as, but to a lesser extent, than sulfur, H 2 S, DDT, and DDD. Other pesticides and all the analyzed PCBs were poorly correlated with toxicity. Of these compounds, Zn, Pb, Cu and elemental sulfur were present in sediments at concentrations adequate to result in toxic responses by Microtox. Harkey and Young (2000) assessed the toxicity of five PAH-contaminated soil samples from a manufactured gas plant using saline extracts, fractions generated from the supercritical fluid extraction (SFE) process, and solid-phase samples in conjunction with analyses for PAH compound concentrations. Correlation analyses produced coefficients ranging from 0.533 (not significant) to -0.943 (highly significant) for comparisons between 17 individual 2-to 6-ring PAH compounds and five sets of Microtox results. Significant correlations appeared to be a function of compound ring number (greater number of significant comparisons with fewer rings = lower molecular weight) and test sample or individual fraction from the SFE process. The statistical analysis excluded saline extracts due to low toxicity.
A variety of other studies reported non-quantitative comparisons between toxicity and measured contaminant concentrations, the results of which were not totally inconsistent with the more elaborate studies presented above (Athey et al. 1989; Bihari et al. 1989; Pastorok and Becker 1990; Middaugh et al. 1991; Mueller et al. 1991; Bitton et al. 1992b; Devare and Bahadir 1994; Carlson and Morrison 1992; Boxall and Maltby 1995; Callén et al. 1998; Salizzato et al. 1997 Salizzato et al. , 1998 Johnson and Long 1998; Robidoux et al. 1998 ). At least one study found no relationship between toxicity and contaminant concentration while another highlighted the limitations of Microtox as a substitute for analytical determinations of samples contaminated primarily with metals. Donnelly et al. (1991) conducted Microtox tests with aqueous and organic solvent extracts of soil samples collected from an abandoned chemical manufacturing facility. The investigators reported that despite strong toxic responses in the Microtox tests, there did not appear to be a consistent correlation between toxicity and the concentrations of organic compounds identified in the tested samples. Ortiz et al. (1995) compared the toxicity of aqueous leachates of solid waste sludges from metal finishing wastewater treatment processes to Microtox with chemical analyses of leachates for a variety of heavy metals and anions to compare with Spanish and European regulatory guidelines. Microtox tests established that three of the nine samples tested should be classified as hazardous. In comparison, analytical scans of those samples for various metals (Ag, Cd, Cr, Cu, Fe, Ni, Pb and Zn) and anions (CN-, Cl-, and SO 4 = ) classified all nine samples as either hazardous or high hazardous, indicating exceedance of regulatory limits in at least one of the samples for each of the metals, CN-, and SO 4 = . The results of Ortiz et al. (1995) may be related to the relative insensitivity of V. fischeri to heavy metals rather than any other factor, whereas Donnelly et al. (1991) may have simply not measured the appropriate contaminant(s).
Comparison of Microtox to Other Test Systems
Bacteria, Algae and Biochemical-Based Assays Paired comparisons between the sensitivity of Microtox and biochemical-based assays, other microorganisms and algae revealed that Microtox was more sensitive or as sensitive than other monitoring approaches for approximately 58% of the paired comparisons in the cited studies (Fig. 2 , Table 1 ). Decisions regarding sensitivity rankings presented in Table 1 reflect either the direct comments of the authors of a study or an assessment by this reviewer based on data presented in a published study. Sensitivity was defined as either a greater toxic effect for one assay or species in comparison with Microtox for a single sample or a higher percentage of greater toxic responses for a series of samples analyzed within a study.
While some studies were limited to a direct comparison between Microtox and a single other assay or species, many studies included Microtox in a battery of assays which may have included aquatic invertebrates and terrestrial plants and invertebrates besides biochemical based assays, other microorganisms and algae. Presentation and discussion of comparisons of Microtox to aquatic invertebrates and terrestrial plants and invertebrates are considered in subsequent sections of this review. This review does not specifically address sensitivity rankings among the Fig. 2 . Percent frequency with which Microtox was as sensitive or more sensitive than a corresponding biochemical, bacterial, or algal assay. other assays and species against which Microtox is compared in this review. A complete listing of the assays, microorganisms and algae utilized in comparative assessments with Microtox and the media with which tests were conducted are identified in Table 2 . Numbers of comparisons between Microtox and other individual assays or species ranged from 1 for 5 different assays or species to 10 for one species (Selenastrum). Microtox was always at least as sensitive to 6 different assays or species for a total of 16 sets of samples or situations. Microtox was always less sensitive to three assays or species for a total of only four samples or groups of samples. The frequency of greater sensitivity by Microtox for comparisons with the remaining three assays and species was approximately 33% for 18 samples or groups of samples. Comparisons were typically limited to tests using the same media for both tests. Aqueous based samples accounted for ~70% of the reported comparisons while solid-phase test material and solvent extracts accounted for ~19 and 11%, respectively, of the remaining comparisons.
Conclusions put forward by the authors of the studies cited in this section either indirectly or directly favored the use of batteries of tests for monitoring contaminated soils and sediments either alone or in conjunction with other monitoring approaches. For instance, Brouwer and Murphy (1995) indirectly recommended the battery-of-tests approach by concluding that a single test was insufficient for determining sediment toxicity. In contrast, some investigators supported the use of Microtox exclusively for environmental monitoring (Gälli et al. 1994 ). However, many favored inclusion of Microtox as a component of a battery of tests. Coleman and Qureshi (1985) suggested that Microtox be included in a battery of short-term tests for "primary screening" or "early warning" purposes. They cited major advantages for tests such as Microtox and Spirillum of simplicity, sensitivity, reproducibility, low cost and rapidity. Thomas et al. (1986) concluded that despite the overall sensitivity of the algal (Selenastrum) test, a group of bioassays is preferable to any single test, based on the results of their broader study. Similar conclusions had been previously reached in an earlier study by some of these researchers (Miller et al. 1985) . Xu and Dutka (1987b) concluded that the ATP-TOX system is at least as sensitive as the Microtox test and that the two tests are complementary and should both be included in a battery of microbial toxicant screening tests. Robidoux et al. (1998) viewed an elevated combined efficiency rate among several tests for detecting spiked samples as justification for use of more than a single species for screening trucked waste. noted that the criteria used to classify a sample as toxic differed among individual tests. For example, Microtox uses the EC 50 as its endpoint while the ATP-TOX tests uses a much more sensitive endpoint of 1% inhibition of ATP to classify a sample as toxic. Nonetheless, these authors support the use of a maximum of three toxicant and/or mutagen screening tests in conjunction with two microbiological tests for screening purposes. This sentiment was echoed in a number of subsequent publications by members of this research group, based on additional criteria of cost-effectiveness of the short-term assays and the inadequacy of any one DOHERTY single assay to provide a sufficient information base for management decisions ). One of the few negative comments about any of the assays considered in this section was expressed by Kwan and Dutka (1990) . They concluded that the Toxi-Chromotest lacked specificity and sensitivity in comparison with Microtox and did not recommend its inclusion in the battery of tests approach. Some investigators cited generalized reasons for the battery of tests approach while others justified their recommendations on a more specific basis of inconsistencies between observed toxicity and contaminant concentrations in the tested samples. Santiago et al. (1993) concluded that their study results clearly confirmed the necessity for a battery of tests using organisms from various levels of organization that responded to varying groups of environmental contaminants. Athey et al. (1989) commented that the results of their study supported arguments for a battery of bioassay tests to evaluate hazard and that chemical analysis alone was insufficient to guide cleanup decisions. Sloterdijk et al. (1989) observed that toxic responses by organisms in their study could not be simply explained in terms of contaminant concentrations and that sediments should be evaluated through the battery approach using representatives from various trophic and organizational levels.
Yet others cited their recommendation for a battery of tests approach on the principles associated with toxicity identification evaluation protocols that use differences in species sensitivities to identify classes of unknown contaminants in toxic samples. Ankley et al. (1990b) suggested that Microtox might have value in identifying sites contaminated with other toxic materials that might be masked by high levels of ammonia (for which Microtox is relatively insensitive). Bitton et al. (1992b) suggested coupling a test such as MetPAD with other tests to identify heavy metal contaminated sites in aquatic environments. Campbell et al. (1993) suggested that even though the alphaglucosidase biosynthesis (AGB) assay was generally equivalent or slightly less sensitive than Microtox, it may be more sensitive to samples containing heavy metals.
Some investigators also recognized the potential advantages associated with test media differences in a battery of tests approach. Bombardier and Bermingham (1999) concluded that individual types of tests were inadequate to assess sediment contamination problems and studies should include a wide variety of organisms, trophic levels and exposure phases. Ferrari et al. (1999) concluded that the detection sensitivity of solid-phase tests was greater than aqueous leachates of solid wastes but that both were necessary in conjunction with gentoxicity assays for a complete assessment. Day et al. (1995) concluded that the best approach to the assessment of sediment toxicity was the "triad" approach, combining a battery of laboratory toxicity tests with chemical analyses and community investigations through field surveys. Lambolez et al. (1994) , however, favored a limited version of the triad approach linking cost-effective, non-redundant biological monitoring tests with chemical analyses for waste management purposes. However, they recommended a broader array of bio-logical assays, including both short-term and chronic tests on bacteria, micro-algae, and micro-crustaceans in conjunction with genotoxicity assays such as the Ames assay.
Aquatic Invertebrates
Paired comparisons between the sensitivity of Microtox and aquatic invertebrates revealed that Microtox was more sensitive or as sensitive than other monitoring approaches for approximately 67% of the paired comparisons in the cited studies (Fig 3, Table 3 ). Again, decisions regarding sensitivity rankings reflect either the direct comments of the authors or an assessment by this reviewer based on published data with sensitivity defined as either a greater toxic effect for one assay in comparison with another for a single sample or a higher percentage of greater toxic responses for a series of samples analyzed within a study. A complete listing of the aquatic invertebrates utilized in comparative assessments with Microtox and the media with which tests were conducted are identified in Table 4 .
A number of comparisons between Microtox and aquatic invertebrates ranged from 1 for 10 different species to 17 for one species (Daphnia). Aside from Daphnia, the maximum number of comparisons for a single species was four. Microtox was always at least as sensitive to 18 different species for a total of 37 sets of samples or situations. Microtox was always less sensitive to three species for a total of only three samples or groups of samples. Comparisons were often limited to tests using the same media for both tests, although some investigators did compare sensitivities of Microtox in one test media to the sensitivity of aquatic inver- Fig. 3 . Percent frequency with which Microtox was as sensitive or more sensitive than a corresponding aquatic invertebrate assay. Kemble et al. 1994 Pastorok et al. 1994 Day et al. 1995 
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Rhepoxynius abronius
Crustacean/amphipod SW Williams et al. 1986 Becker et al. 1990 Pastorok and Becker 1990 Tay et al. 1991 Chapman et al. 1992 
Bathyporeia sarsi
Crustacean/amphipod SW Chapman et al. 1992 
Daphnia magna
Crustacean/water flea FW Plotkin and Ram 1984 Miller et al. 1985 Calleja et al. 1986 Thomas et al. 1986 Dutka and Gorrie 1989 Sloterdijk et al. 1989 Dutka et al. 1991 Giesy et al. 1988b Athey et al. 1989 Hoke et al. 1993 Kross and Cherryholmes 1993 Santiago et al. 1993 Kemble et al. 1994 Lambolez et al. 1994 Ortiz et al. 1995 Ferrari et al. 1999 
Ceriodaphnia dubia
Crustacean/water flea FW Ankley et al. 1990b Dutka et al. 1991 Hoke et al. 1993 Ferrari et al. 1999 tebrates in another test media (e.g., see Carr et al. 1996; Giesy et al. 1988b and Pastorok et al. 1994 among others, Table 3 ). Aqueous based samples accounted for ~65% of the reported comparisons while solid-phase test material and solvent extracts accounted for ~26 and 9%, respectively, of the remaining comparisons. The majority of conclusions cited by investigators incorporating aquatic invertebrates into their study designs mirrored those highlighted above. For the most part, conclusions of authors of studies cited in this section but previously presented are excluded from further mention in this section. A few with invertebrates in their design are deferred to a subsequent section (e.g., Ross and Henebry 1989; Becker et al. 1990; Pastorok et al. 1994) .
Once again, a number of investigators favored the battery of tests approach that included Microtox with some combination of aquatic invertebrate species. Given the range of sensitivities among the test species in their study, Plotkin and Ram (1984) recommended using organisms from several trophic levels. Calleja et al. (1986) advised the use of both multiple toxicity tests and different leaching procedures to assess potential contamination from a waste. Santiago et al. (1993) supported the use of test batteries with selected organisms at various levels of biological organization for environmental screening due to varying groups of environmental contaminants that may be present at a particular site. DelValls et al. (1997) concluded that the lack of sensitivity of Microtox to heavy metal contaminated interstitial water highlighted the necessity of the battery of tests approach. In slight contrast, while Williams et al. (1986) reported that their results demonstrated the usefulness of a diversity of toxicity testing procedures in wide-scale surveys of sediment contamination, they did not discount the single species approach as long as the results of tests with the species or assay of choice were consistent with that of other assays. However, Boxall and Maltby (1995) suggested that care should be exercised when interpreting toxicity of environmental samples derived from the Microtox test. They assessed the toxicity of three distinct (increasingly polar) organic extract fractions of sediments contaminated with road runoff to Microtox and the amphipod, Gammarus pulex. While all three fractions were individually toxic to both species, the order of sensitivity for the two species for each fraction was not consistent.
Despite using pore water for Microtox and tests with Daphnia in conjunction with whole sediment assays with chironomids, Giesy et al. (1988b) reported that the Microtox assay was the most sensitive of the three assays and that the results of all of the assays were correlated. However, none accurately predicted the results of the other two. Giesy and Hoke (1990) subsequently concluded that Microtox should be included in a battery of assays for screening sediment toxicity even though Giesy et al. (1988a) had previously used Microtox exclusively to survey and map toxic areas of Detroit River sediment. Support for the battery of tests approach was reiterated by these investigators in a subsequent study by Hoke et al. (1993) .
In an apparent deviation from the standard battery of tests approach, Winger et al. (1993) seemed to recommend sequentially rather than simultaneously conducted tests. They reported that reconnaissance testing with Microtox on pore water contaminated with mercury and a variety of other heavy metals and organic contaminants discharged from a chloralkali plant into a tributary of the Turtle River-Brunswick estuary was effective in identifying areas for further evaluation with Hyalella azteca.
Among researchers promoting more than just the battery of tests approach, Tay et al. (1991 Tay et al. ( , 1992 described Microtox as the most effective of the approaches included in their study and concluded that the combination of results from solid-phase and pore-water tests complemented one another by providing information on both particle-bound and water-soluble contaminants. Kross and Cherryholmes (1993) concluded that environmental assessments require a battery of evaluation procedures going beyond toxicity evaluations and chemical screening to include statistical methods, selected chemical indicator parameter monitoring, and modelling of landfill water balances. Lastly, Bombardier and Bermingham (1999) concluded that individual types of tests were inadequate to assess sediment contamination problems, and studies should include a wide variety of organisms, trophic levels and exposure phases.
Only limited value can be applied to a study by Chapman et al. (1992) , in which the toxicity of sediments from two sites in the North Sea was assessed in 11 different tests with six invertebrate species and Microtox generating 20 test endpoints involving six teams of investigators from four countries. At the time the study was being conducted, Microtox solid-phase testing protocols were in development, limiting the value of the results for this test in this study. The authors, however, concluded that the solid-phase test showed promise but required further development. Ginn and Pastorok (1992) extended that sentiment to all of the tests in their studies. They concluded that all the sediment bioassays used in their studies should undergo continued evaluation in order to develop an optimal suite of bioassay responses for use in sediment studies due to their existing limitations and uncertainties.
Aquatic Plants
Citations in this category were limited to a single study comparing the effects of landfill leachates on Photobacterium phosphoreum and the duckweed Lemna minor (Devare and Bahadir 1994) . Four leachate samples were obtained from landfills containing either household waste only or a combination of household and industrial waste. Leachate from the latter landfill was collected prior to and after settling and oxidation treatments. P. phosphoreum was less sensitive than duckweed for two samples. Whole treated leachate from the third landfill produced only minimal effects on duckweed and was not toxic to P. phosphoreum. The authors noted that chemical analyses of samples produced little information regarding potential ecological effects and concluded that inclusion of luminescent bacteria in toxicity assessments would be helpful in monitoring landfill leachates.
Aquatic Community and Ecosystem Level Comparisons
Preliminary evidence from a limited number of studies suggests that the results of laboratory-based tests, including Microtox, can be indicative of effects from toxic contaminants at the population and community levels in the field. The database is most likely too limited to demonstrate the predictive ability of a single species. However, the comments of these investigators suggest that the results of multiple numbers of lab tests conducted in conjunction and considered in combination can be predictive of effects experienced by populations and communities of organisms in the field.
For example, Ross and Henebry (1989) used a battery of three lab tests (Tables 1 to 4) to assess contamination of sediments at sites in and around Waukegan Harbor (Lake Michigan, Ill.) in conjunction with a community level test using indigenous protozoan species. Studies with protozoan communities involved both in-lab exposures to sediment elutriates and in situ field trials. The authors reported that responses from single species tests showed a site-specific pattern while protozoan substrates transferred from uncontaminated colonization sites to contaminated sites experienced reductions in both species richness and total numbers of protozoa within 2 weeks. However, results of community level tests may have been complicated by inconsistent levels of nutrients among stations in conjunction with responses to exposure to toxic conta-minants that may have been present. The authors concluded that Microtox was a highly promising screening tool for monitoring sedimentassociated pollutants and that the results from the single species tests corresponded with the major findings from the community level tests. Becker et al. (1990) compared three laboratory tests (amphipod mortality, oyster larvae abnormality and Microtox; Tables 3 and 4) for assessing the toxicity of sediments from Commencement Bay, Washington, with abundances of macroinvertebrates from the sediment-sampled sites. The responses of the three bioassays showed a high level of agreement using rank-order comparisons, while the abundance of macroinvertebrates collected from a series of stations was inversely related to the toxicity of sediments collected from those stations as demonstrated by the three laboratory assays. Rank order comparisons between laboratory test results and macroinvertebrate assemblages (taxa) produced a significant concordance for the Microtox and oyster assays and field survey data. compared the sensitivities of four different assays to detect toxicity in pore water and sediments from a single contaminated site in the Detroit River. Even though P. phosphoreum was the least sensitive of the four species exposed to samples from the single test site, the authors concluded contaminated sediments hazardous to benthic invertebrate communities could be identified by any of the species or dilution methods included in their study. Pastorok et al. (1994) conducted an ecological risk assessment for an area on the Willamette River in Portland, Oregon, that had experienced contamination from a creosoting firm for over 40 years. The assessment included chemical analyses for a variety of organic and heavy metal contaminants, laboratory toxicity tests with amphipods and Microtox (see Tables 3 and 4 ) and field surveys. Amphipod tests resulted in identifying sediments from seven sites that were significantly toxic while sediment pore waters from eight sites produced significant reductions in luminescence in Microtox tests. While the authors stated that responses of individual species do not provide a direct measure of population or community-level effects, they concluded that the amphipod and Microtox tests combined provide a sensitive indicator of sediment contamination. In conjunction with sediment chemistry, tissue residue analyses and fish liver histopathology, the combination provides a relatively powerful approach for ecological assessment of contaminated sediments. Pastorok and Becker (1990) compared Microtox to five invertebrate species using a total of 13 test endpoints in assessing the toxicity of contaminated sediments from three Superfund sites in Puget Sound (Eagle Harbor, Elliott Bay and Commencement Bay). The authors reported that the Microtox test using an organic solvent extract exhibited significant reductions in luminescence to all 12 contaminated sample treatments in comparison to reference treatments. Microtox tests using aqueous saline extract were the third most sensitive test with significant responses to seven of the sample treatments. Despite the sensitivity of the Microtox tests, the authors were concerned about the ecological relevance of the results and speculated that Microtox might be useful as a surrogate for higher organisms or as part of a battery of tests given additional research. Day et al. (1995) compared the responses of two other microorganisms (see Tables 1 and 2 ) and four benthic invertebrates (see Tables 3 and  4 ) to Microtox following in-lab exposures to sediments collected from 46 nearshore sites in the Laurentian Great Lakes. The authors reported that inhibition of bioluminescence in P. phosphoreum in the Microtox tests was highly correlated with several of the other lab tests (e.g., midge survival, amphipod growth, and tubificid worm cocoon production), and that inhibition of bioluminescence in P. phosphoreum was also significantly correlated to reduced numbers of individuals and number of taxa as determined through field surveys conducted at the sites from which sediment samples were collected.
Terrestrial Flora and Fauna
Studies utilizing Microtox and terrestrial organisms for environmental monitoring of contaminated soils and sediments are extremely limited in their ability to rank Microtox sensitivity with that of other test species due to a lack of standardization regarding test designs and data analysis. All studies conducted earthworm tests with solid-phase material in contrast to Microtox tests with aqueous leachates or elutriates. Given the results of studies that addressed test media differences, it is unlikely that the Microtox bacteria and earthworms were exposed to a similar mixture and concentration level of contaminants, barring any constructive comparisons. A number of studies also conducted seed germination and root elongation tests with solid-phase material again limiting comparison of those results with Microtox. A limited number of studies did conduct Microtox and terrestrial plant tests with aqueous elutriates or leachates, thereby permitting direct comparisons. Summaries of all of these studies are presented in Tables 5 and 6 . Despite test media incompatibilities, rankings were occasionally provided by authors of a study. Those rankings along with this reviewer's interpretation of data presented in the cited publications are provided in Table 5 , for which the reader should apply an appropriate amount of caution.
Among those studies using identical test media for all its tests, Devare and Bahadir (1994) noted that even though the terrestrial plants in their study were generally more sensitive to the tested samples than Photobacterium phosphoreum, they concluded that inclusion of luminescent bacteria in toxicity assessments would be helpful in monitoring landfill leachates. In contrast, Microtox was more sensitive than lettuce in the root elongation test in two separate studies (Miller et al. 1985; Athey et al. 1989) . Despite test media incompatibilities for the majority of these studies, the conclusions of the majority of the authors of the studies cited in this section support multiple species or battery-of-tests approaches to environmental monitoring activities (e.g., see Miller et al. 1985; Thomas et al. 1986; Robidoux et al. 1998; Ferrari et al. 1999 among others) . Simini et al. (1995) encouraged the use of multiple bioassay screens in conjunction with chemical analyses, transect sampling and soil characteristics to assist in decisions regarding remediation.
Discussion
Results of studies cited in this review provide relatively clear guidelines for appropriate applications for the Microtox Toxicity Test System with respect to environmental monitoring of contaminated sediments or solid-phase materials. While some researchers used Microtox solely, the majority used Microtox as part of a test battery. However, despite a number of recommendations that Microtox be used for sediment monitoring, the issue of Microtox applicability for any project should be ascertained on a case-by-case basis. Specifically, can Microtox satisfy the technical objectives of a study? Once the appropriateness of Microtox has been established, investigators must then determine which testing approach (sample media) will best achieve the objectives of the project. A priori knowledge concerning the type and extent of contamination can be criti- Thomas et al. 1986 cal to decisions on both of these counts although preliminary testing should be conducted if there is an inadequate amount of information upon which to base a decision concerning the inclusion of Microtox in a monitoring study. While some investigators have cited cost and simplicity as critical factors in the choice of Microtox over other assays, these issues are inconsequential if Microtox cannot first satisfy the technical objectives of a study. Cost and other non-technical issues should only come into consideration in the assay selection process once a suite of potentially appropriate assays has been developed. Should Microtox be selected for use either individually, as part of a test battery, or as the laboratory test component of a triad, users need to be aware of, and control, variables shown to influence the results of Microtox tests. Relevant data indicate potential variability in test results (toxicity) due to holding time of either solid-phase material or pore water extracted from test sediments. Sample collection activities (numbers of samples per sample event and frequency of sample events) must be organized to minimize the time span over which samples are processed and tested. If an aqueous phase is chosen as the test media, preliminary tests should be conducted to determine the appropriate collection method and osmotic adjustment approach. If an organic solvent extract is chosen as the test media, preliminary tests should be conducted to determine the appropriate solvents and extraction procedure. If the solid phase is chosen, are appropriate control and reference samples needed and available to establish absolute levels of toxicity? Or will the objectives of the study be adequately satisfied with relative toxicity levels?
Applications for which Microtox is appropriate are wide ranging. A few investigators used Microtox alone to delineate the severity and pattern of contamination at a site. Solid-phase tests in this type of an application would seem to be extremely appropriate when test results are considered on a relative rather than absolute basis, especially if sediment color and composition is relatively constant throughout the site. The solid-phase approach would also account for both dissolved and total contaminant loads. In a somewhat parallel application, some studies used Microtox as a measure of remediation success for treated contaminated samples. Again, tests with solid-phase media in this application provide a more than adequate means of monitoring relative changes in toxicity of pre-and post-treated samples, assuming treatment does not affect sample color or composition. Appropriate applications in this category would seem to include both laboratory and in situ field treatments. Aqueous extracts would be no less appropriate for this application as well unless prior knowledge concerning the cause of toxicity indicated that the contaminants were not particularly water soluble.
Many studies, however, used Microtox in conjunction with one or more other bioassays, either simultaneously or sequentially, for defining contamination of a site. Often, the investigators in these studies offered assessments on the relative sensitivities among species or tests used in their studies and extended various recommendations regarding species selections on the basis of their study results. The overwhelming recom-mendation by the majority of authors was for the battery of tests approach for monitoring contaminated sites. This concept attempts to take into account species and tests differences in sensitivities and to maximize the potential of identifying contaminated sites through the use of more than one species or assay with sensitivities to different classes of contaminants. Conceptually, the battery of tests approach has a great deal of merit. Practically, the approach is limited both by the lack of standardization of test endpoints among prospective battery tests and the site-specific nature of contamination problems.
The differences in sensitivity issue was raised by only one, or possibly a few, investigators at most. For instance, noted that the criteria used to classify a sample as toxic differed among individual tests. Microtox tests use median effective concentrations (EC 50 s) in multitreatment tests at various time intervals to define toxicity. Alternately, tests using single treatments simply compared luminescence levels to assess effects. Some studies reported EC 50 s for multiple exposure durations, at times demonstrating that the relationship of sensitivity in comparison with another species can be dependent on the exposure time. Acute tests with invertebrates often use lethality as expressed through the median lethal concentration (LC 50 ) or may use a conservative level (e.g., LC 10 or LC 20 ) on which to make decisions regarding toxicity. Other acute assays use sublethal endpoints, which technically make them more sensitive than a comparable test with lethality as its endpoint. Yet other assays use subjective qualitative endpoints-assigned ranks to facilitate comparisons among tests or samples. Consequently, before species can be chosen for inclusion in a battery of tests, individual test designs and endpoints must be standardized and remain consistent across many studies before patterns will emerge that will direct species or test choices.
The site-specific nature of contamination problems was probably as prominent an issue for promoting the battery of tests approach as species sensitivity differences. However, recognition of site-specific issues did not prevent investigators from creating species sensitivity rankings on the basis of one or a limited number of sites and their subsequent recommendations on the basis of those site-specific rankings. The primary criticism regarding the development of these species sensitivity rankings is the general lack of acknowledgment that the rankings are as site-specific as the contamination problems themselves. Consequently, preliminary surveys with a number of potential battery tests to identify the most appropriate tests for each unique site is not an inappropriate activity. These preliminary activities should also extend to the selection of test media although some investigators feel both aqueous and solid-phase media should be included in monitoring projects (Liβ and Ahlf 1997) . Some of these aspects are highlighted in two recent studies. Burton et al. (1996) did acknowledge the site-specific nature of sediment contamination and the necessity to modify the components of a test battery to successfully identify contaminated areas. They organized a study to consider 41 endpoints from tests with 20 single species tests, using organisms from several trophic levels for assessing the toxicity of sediments from three Great Lakes' Areas of Concern. Many of the results and conclusions of this one study reflected the composite results and conclusions of the studies cited in this review. For instance, they reported that there were a number of significant correlations between laboratory toxicology tests and artificial substrate benthic macroinvertebrate end-points, elutriate samples were generally less toxic than whole sediment, and that no one assay was superior to all the others.
With respect to Microtox, Burton et al. (1996) , however, unfortunately limited its inclusion to tests with elutriates only. While Microtox was identified as the eighth most sensitive assay (out of 43) overall in comparisons with tests using whole sediment and elutriates, Microtox tests with whole sediment might have significantly altered that ranking. They described Microtox as a versatile and relevant assay due to its simplicity, degree of standardization and ability to test various media. They recommended it for use as a screening tool in reconnaissance surveys to quickly process a large number of samples, and they supported the use of a battery of tests for sediment evaluation studies. In a previous review, Giesy and Hoke (1989) had recommended the inclusion of Microtox as one of six assays used in sediment test batteries out of 15 tests considered.
In a similarly ambitious study, Côté et al. (1998) assembled a battery of 20 tests to assess the toxicity of 15 sediment samples collected from the St. Lawrence River and Great Lakes. In contrast to the study by Burton et al. (1996) , the majority of tests in this study were "microscale" tests. The objective of the study was to compare the sensitivity of the biochemical, bacterial and invertebrate microtests to that of amphipod and chironomid tests. Comparisons of test results were used within a two-tier decision-making framework to include or exclude tests from use in predicting the toxicity potential of sediments. Recommended assays were approximately equally divided between aqueous and solid-phase media based tests. The authors noted the surprisingly poor performance of the Microtox solid-phase test and did not include it among the recommended tests.
Even if the objective of many of the studies cited in this review was to compare and contrast Microtox with some other test or species response to contaminated sediments and the ultimate focus was on test batteries, perhaps the next question should be how does one select species and assays for inclusion in a test battery? There are theoretical/academic responses to this question in the literature cited in this review and elsewhere, but the question ultimately needs to be addressed in the context of application (e.g., remediation activities). If monitoring activities are viewed as part of a much larger remediation effort rather than just a project in and of itself, does this alter the manner if which species are selected for the battery? For instance, choices of species, exposure durations (acute/chronic), test endpoints (lethal; sublethal/genotoxic, teratogenic, reproductive, etc.), and contaminant classes (metals versus organics) all influence the definition and level of toxicity observed. In the context of remediation, perhaps sequential tests are more appropriate with the least costly assays used in the preliminary stages of monitoring to delineate contamination. Once achieved, efforts and resources could be focused on areas of greatest concern using assays with greater sensitivity.
One application that emphasizes and takes advantage of species sensitivity differences is the toxicity identification evaluation (TIE) approach. While an underlying assumption of the battery of tests approach is the use of species with differential sensitivities, some investigators used that aspect of their batteries to formulate conclusions concerning the nature of the contaminant mixture in their samples as is done in Phase I toxicity characterization procedures of aquatic TIEs (Mount and Anderson-Carnahan 1988) . The demonstrated differences between the toxicities of aqueous versus solvent extracts could also be incorporated into contaminant characterization studies. And given the number of instances in which toxicity was significantly associated or correlated with contaminant concentrations in studies cited in this review, studies with sediment similar to Phase III toxicity confirmation procedures with aqueous samples (Mount 1989) do not seem unrealistic. Such an approach was specifically advocated by Giesy and Hoke (1990) .
Despite the apparent preference among many research groups for the battery of tests approach, some have opted for the triad approach for assessing contamination of sediments. The triad approach involves the integration of field surveys involving either macroinvertebrate surveys or some other measure of impact on indigenous populations and communities and analytical assessments of contaminant concentrations with laboratory toxicity tests (usually one or two). However, the number of laboratory toxicity tests need not be limited in the triad approach, essentially resulting in a merger of the battery of tests and triad approaches.
Microtox has been incorporated into both informal and traditional triad designs in a limited number of studies. For instance, Porebski et al. (1999) used a combination of bioassays that included Microtox pore water and solid-phase tests, sample chemistry and benthic community structure to assess pollution along a gradient in Belledune Harbour, New Brunswick. A similar approach had been adopted earlier by Day et al. (1995) .
Summary
Microtox has been used in a variety of studies for screening contaminated sediments. The test has been used both singly or as a component of a battery of other tests. The current consensus among researchers strongly favors the battery of tests approach for environmental assessments of sediment although the triad approach linking laboratory test results and sample chemistry with population and community measures of perturbation may be the most environmentally conservative approach. Evidence has been presented demonstrating that toxicity assessments obtained with the Microtox Test System are related to analytically derived concentrations of certain classes of contaminants. In general, the results obtained through in-laboratory testing with the Microtox Test System are consistent with the results of both sediment invertebrate in-laboratory toxicity tests and macroinvertebrate field surveys. The inclusion of Microtox in test batteries is supported by a significant number of investigators; however, the appropriateness of any single assay or group of assays for sediment assessments can be highly site-specific.
